Introduction
In order to study cardiac myocyte development different approaches were established during the last decades. The main purpose of these studies was the differentiation of cardiac precursor cells into specialized, differentiated cell types, as well as the development of functional properties such as Ca 2q handling, rhythm generation and excitationcontraction coupling of cardiomyocytes during development. Although considerable data exist about skeletal myow x genesis 1-3 , limited knowledge is available with regard to the origin of the commitment and differentiation of cardiac cells. A comprehensive, morphological study on the cytodifferentiation from mesenchymal cells into cardiac myocytes is described in the embryonic murine heart w x 4 : According to the authors, different stages of myofibrillogenesis are present during embryological myocardial development. Cells with no or only little myofibrillar arrangement develop to myocardial cells with w x orientated myofibrils 5,6 . A number of morphological studies have investigated heart development on embryonic, neonatal and adult isolated cardiomyocytes also from difw x ferent species 7-16 .
Although the ultrastructure during cardiac development w x has been thoroughly investigated 17 , still relatively little is known on the development of excitability of the mam-Ž . malian heart, most importantly: 1 : The relation between Ž w x. expression of cardio-specific genes see review 23 , the formation of cardiac phenotypes and the functional expres-Ž . sion of different types of ion channels; 2 : The regulation Ž and genetic control of expression of ion channels e.g. by . Ž . growth factors, hormones, extracellular matrix ; 3 : The development of the regulation of ion channels and morphological correlates. The progress in this field is hampered by the inability to study cardiomyocytes from early, embryonal hearts because of their very small size and because of the lack of cardiac cell lines that mimic various stages of cardiac development. The development of ion currents has been studied in cardiomyocytes prepared from mammalian w x embryos not earlier than shortly before birth 18-21 , but w x see Ref. 22 . Cells of this developmental stage already exhibit action potentials of highly differentiated Ž w x. cardiomyocytes e.g. of ventricular-like type, 19 and thus can serve as a model for studying only late stages of prenatal heart development.
The focus of this review is on the development-dependent changes of morphology and electrical activity during cardiomyogenesis. Since the amount and orientation of myofibrils allows the classification into the different stages of myocyte development, the morphological part deals in detail with the myofibrillogenesis. The combination of the analysis of the electrical membrane properties and morphological criteria allows the correlation of morphological and functional phenotypes. These aspects of cardiac myogenesis are studied in a model based on the differentiation Ž . of pluripotent murine embryonic stem ES cells into cardiomyocytes in vitro.
Cell lines to study cardiomyocytes
Many studies deal with primary myocardial cultures of mammals demonstrating ultrastructural and functional fea- 
24 . The cell-isolation techniques used to obtain these primary cultures are, however, not suitable for prenatal, early cardiac developmental stages due to the small quantity of myocardial material and the difficulty to maintain the developmental stage within the cell culture procedure. Therefore a first attempt to generate permanent cell lines of early cardiac differentiation was undertaken in the late 70's: 1. A permanent cell line, H9c2 derived from embryonic w x rat heart 25 , exhibited dihydropyridine sensitive L-type Ca 2q channels activated by isoproterenol, presumably through the G a-subunit and the cAMP-dependent s w x pathway 26 . In addition, H9c2 cells express two distinct K q channels and a nonspecific cation channel w x 27 . Furthermore, both single channel studies and RT-PCR analysis with a isoform-specific primers re-1 vealed an expression of skeletal L-type Ca 2q channels w x in addition to the cardiac type of the channel 28 . 2. Immortal cardiac cell lines have been established from w x embryonal avian heart 29 and adult rat myocardium w w x x RCVC, 30 . Under appropriate cultivation conditions these cell lines expressed some muscle-specific markers Ž . e.g. a-sarcomeric-actinin, a-actin, desmin . Moreover, the immortal cell line established by Caviedes and w x coworkers 30 exhibited inward currents that resemble T-and L-type Ca 2q currents. In spite of the recent progress, the usage of these permanent cell lines is limited because they retain only a few markers of differentiated heart cells and lack many other important characteristics such as contraction and generation of action potentials. 3. A new approach based on transgenic mice with myocardial tumors has been developed to establish car-Ž w x. diomyocyte cell lines see review 31 . The cultured Ž . cardiomyocytes derived from tumors e.g. AT-1 can be maintained in culture, but have to be passaged into mice for regeneration. These cells express some skeletal muscle-and cardiac-specific markers and retain a highly organized ultrastructure and exhibit contractile activity as well as action potentials similar to those generated by normal cultured atrial cells. 4. Proliferating cardiac cells obtained by transfection with w x SV-40 large T antigen 32 also retain certain differentiated properties including myosin light chain expression and assembly into organized myofibrils, spontaneous contractile activity and chronotropic responses to adrenergic agonists. The disadvantage is, however, that the cardiomyocytes derived from myocardial tumors or by virus transfection with SV-40 large T antigen can be passaged only for a limited time. The lack of other surrounding cells forming the natural microenvironment for cardiomyocytes impairs the use of these cell lines to model the in vivo cardiomyogenesis. It is also known from the literature that cellular w x w x contacts 34,35,11 and the extracellular matrix 33,10,8 influence myofibril assembly and myocyte cytoarchitecture. The loss of real three-dimensional geometry and cellular matrix relation in culture may therefore induce significant changes of the cardiomyocyte phenotype.
Factors influencing cardiac myogenesis
In contrast to the relatively accurately described funcw x tions of growth factors in skeletal myogenesis 36 and of w x extracellular matrix in the cardiovascular system 37 , their Ž role in cardiomyogenesis is not well characterized for w x. review see 38 . The role of growth factors in cardiac development has been mostly investigated in embryologi-Ž . Ž . cal hearts: i tumor growth factor b1 TGFb1 stimulates w x Ž . cardiac mesoderm formation 39 , ii b fibroblast growth Ž . factor bFGF is involved in the autoregulatory processes w x of cardiomyocyte proliferation and differentiation 40 and in processes of down-regulation of initial stages of the w x vertebrate cardiac development in vivo 39 . However, with these models a direct experimental approach to study the underlying signal transduction cascades is hampered because of the complexity of the whole embryo. Experi- . ments with insulin growth factors IGFs , which are found to bind to receptors in plasma membranes of embryonic w x chicken heart tissue 41 , as well as studies demonstrating Ž . platelet derived growth factor PDGF -receptors during somatogenesis localized in the murine heart implicate the importance of tyrosine-kinase-receptors in heart development.
( ) 4. The embryonic stem ES cell model
A new approach to study cardiomyogenesis is provided Ž by the use of pluripotent murine embryonic stem cells ES . cells, ESC differentiated in vitro. The ES cells originally have been derived from undifferentiated cells of the inner cell mass of murine embryos at the blastocyst stage or w x from eight-cell embryos 42-44 . They are kept in perma-Ž nent culture if grown on feeder layer cells embryonal . Ž . murine fibroblasts or leukemia inhibitory factor LIF w x 45 . ES cells are capable to take part in the embryonic Ž development in vivo after retransfer into blastocysts e.g. w x. 46 . In vitro, ES cells have been shown to differentiate spontaneously into derivatives of all three primary germ w x layers, endoderm, ectoderm and mesoderm 47-50 . The principle of differentiation is schematically illustrated in Fig. 1 Fig. 2 . Expression of cardiac-and skeletal muscle-specific genes during in vitro differentiation of ES cell line D3 -derived embryoid bodies plated at day 5 as analyzed by RT-PCR. A developmentally controlled expression pattern of the cardiac-specific genes encoding a-and b-cardiac myosin heavy chain, ANF, and myosin light chain isoform 2V was found with the latter two being upregulated during cardiac-specific specification stage. The first Within this multicellular arrangement in EB outgrowths Ž . from 7 q 1d to 7 q 24d cardiomyocytes appeared as spontaneously contracting cell clusters. They increased in size during further differentiation. The cluster can be investigated in total, or dispersed into single cells by aid of widely used isolation techniques. Because of the small number of cell layers forming the total cellular mass of the outgrowth, the EB is transparent for light and therefore can be permanently observed and controlled by aid of vital microscopy.
A developmentally controlled expression pattern of the cardiac-specific genes encoding a-and b-cardiac myosin Ž . Ž . heavy chain a-, b-MHC , atrial natriuretic factor ANF Ž . and myosin light chain isoform 2V MLC-2V can be Ž detected by RT-PCR of the total mRNA of EB's see Fig. . 
Morphology of ES cell derived cardiomyocytes
The formation of developing cardiomyocytes in EBs represents an in vitro tool demonstrating a progredient differentiation of cardiomyocytes from pluripotent ES cells.
Ž . In early stages of EB development 7 q 2d the spontaneously contracting areas consist of small rounded earlystage myocytes, which are situated in round accumulations Ž . Fig. 3a . With maturation of such cardiomyocyte formations, the overall appearance changes to strands of elon-Ž gated cardiomyocytes with well developed myofibrils Ž Although in the mature heart atrial granules atrial . natriuretic factor, ANF containing cells are preferentially w x found in the atria 60 , most of the cardiomyocytes develw x oped within EBs contain these atrial granules 61 , suggesting an important role of ANF in early cardiac development. Like in the developing heart, T-tubuli are not promi- Corresponding to the cell shape, the a-actinin positive sarcomeric structures differentiate from spots in roundish Ž . cells early and pacemaker-like cells to complete sarcomeric structures and oriented myofibrils in elongated cells Ž . differentiated atrial-and ventricular-like cells . In respect to the arrangement of filamentous elements and the appear-Ž ance of an amorphous material comparable to the Z-line . material because of the electron density , the following patterns of myofibrillar assembly in cardiomyocytes can be Ž .w x distinguished Fig. 3a-f 61 : Ž . 1. Spots of Z-line material Z-bodies are dispersed in the cytoplasm. 2. Actin-and myosin filaments form alternating bundles which are irregularly and in a disoriented manner distributed in the cytoplasm. The cross-section demonstrates a hexagonal array of actin-and myosin filaments. The Z-bodies are seldom. 3. The Z-bodies are aligned periodically and associated with actin filaments. The Z-bodies are interrupted by bundles of myosin filaments which are located between two dense bodies; these have a greater diameter than the Z-bodies. 4. Further development of the myofibrillar arrangement shows lateral alignment of several primitive myofibrils and fusion of Z-bodies to Z-line-precursors which remain irregularly shaped. There is still no clear distinction of I-and A-bands. 5. The diameter of the Z-line corresponds to the diameter of the myofibrillar arrangement, the spacing between two Z-lines varies between 1.7 and 2.5 mm. The Z-line, the I-and the A-band are distinct, but in comparison to adult cardiomyocytes the M-band is still missing. The M-band formation is considered the endpoint of myow x fibrillar maturation 64,65 and is presumably related to Ž . the mechanical requirements in the heart pressure load . Similar mechanical functions are not required in the EBs and may explain the lack of the typical M-band formation.
Diversity of cardiac cell types in the EB
As shown also by the electrophysiological measure-Ž . ments see below the heterogeneous population of cardiomyocytes undergoes a shift from early stage cardiomyocytes with pacemaker activity to terminally differentiated atrial-rventricular-like cells. This is from the morphological point of view due to the shift from small rounded cells with low myofibrillar content to elongated cardiomyocytes with high content of organized myofibrils.
On the single cell level the cardiomyocytes derived from EBs can be classified as early pacemaker-like, Purkinje-like and atrial-rventricular-like cells in regard to their w x overall shape and myofibrillar organization stage 61 . The cells can be clearly classified in these cell types, even Ž though morphological intermittent stages are observed . and action potential are not from the same cell . By this approach it is possible to correlate cellular morphology strongly with electrophysiological features of the different cardiac phenotypes as shown in Fig. 4k -n. Action potentials and ionic currents are measured on spontaneously beating cardiomyocytes using the patch clamp technique. While the atrial-like, Purkinje-like and ventricular-like cell types display a more stable and hyperpolarized resting Ž . potential Fig. 4l, m , n , the early pacemaker-like cell is characterized by a relatively depolarized resting membrane Ž . potential Fig. 4k . The independent phenotype classifica- pharmacological properties of the ionic currents of ES cell-derived cardiomyocytes are similar to those previously w x described for adult 24 or perinatal cardiomyocytes w x 76,19,77 . There are however some differences, which will be discussed below.
Development of electrophysiological characteristics of ES cell derived cardiomyocytes
ES cell-derived cardiomyocytes express action potentials of sinusnodal, atrial and ventricular types: Differentiation of ES cell derived EB's allows for the first time to study in vitro all consequent stages of action potential Ž . development in mammalian cardiomyocytes Fig. 5 w x 69,70 . At any given time during development cardiomyocytes with the different types of action potentials Žearlyrpacemaker-, AV-, Purkinje-, atrial-and . ventricular-like can be found within the same EB. While Ž cardiomyocytes of an early differentiation stage '7 q 2 d' . to '7 q 4 d' mostly reveal pacemaker-like action potentials, mainly three major types of action potentials can be found in cardiomyocytes
Ca 2H channels
The most prominent current component found throughout the entire differentiation period of ES-cell derived cardiomyocytes is the voltage-dependent I . were detected 70 ; T-type Ca currents were described in w x adult rat ventricle cardiomyocytes 123 and also the emw x bryonic chick heart 124 . Bay K 8644, a specific opener of L-type Ca 2q channels, strongly stimulated the current Ž . from 2 to 3 times and shifted the maximum of the w x current-voltage curve to more negative potentials 70 . I Ca was also stimulated by adrenaline or forskolin, a direct w x activator of adenylyl cyclase 80 suggesting a cAMP-dependent regulation for I . The regulation of I appears to Ca Ca differ between embryonal cardiomyocytes and adult ventricular myocytes. The development of signal transduction pathways for the regulation of ion channels preferentially has been studied at postnatal stages. In contrast to adult cardiomyocytes differences in the expression pattern of G-proteins and the activity of cAMP and cGMP can be w x found in postnatal rabbit and rat cardiomyocytes 81 . Moreover, a postnatal increase of I upon b-adrenergic The density of I significantly increases during carCa w x diomyocyte differentiation in EBs up to 30 pArpF 70 . This value is slightly higher than the reported current Ž density of guinea pig and rat ventricular myocytes 26.5 . pArpF and 17-25 pArpF, respectively but lower than Ž .w x that of bovine ventricle 34-42 pArpF 79 . In chick embryonic cardiomyocytes a reduced or constant Ca 2q w x channel density has been reported 92,20 suggesting species dependent differences in the development.
Na
H channels of low TTX sensitivity . sion of inwardly rectifying K channels see below leads to a lowering of the resting potential, to an increased availability of Na q channels and ultimately to the I -triNa ggered fast upstroke velocity of action potentials.
ES cell-derived cardiomyocytes express basic cardiac-specific K H currents
Three major K q currents, I , I and I are present in The . less than 0.5 nA, by voltage pulse to y100 mV as compared with those reported for adult cardiomyocytes Ž . 2-3 nA . An additional large increase of I expression K1 in mammals is found. This increase is suggested to be due to the appearance of the adult type of I -channel of 42 K1 w x pS, in addition to the embryonal type of 30 pS 104,105 or alternatively by a change in the open probability of the w x embryonal channel 126 .
Furthermore, in cardiomyocytes of terminal differentiation the appearance of another type of K q current can be detected which progressively increases during prolonged Ž . 40-60 min recordings of membrane currents in the whole-cell configuration. The K q selectivity of the current is confirmed by the measurement of its reversal potential Ž . which is close to the calculated E y87 mV . The K assumption that this current is due to openings of ATP-dependent K q channels is corroborated by the finding that its Ž . development is much faster at the onset 5-10 min when the patch pipette solution is depleted of ATP. These results suggest the expression of ATP-dependent K q current Ž . 
Limitations of the ES-cell preparation
While in the late stage cells, cardiomyocytes can be recognized by their typical myofibrillar content under the light microscope prior to measurements by the patch clamp technique, cells of the earliest stage cannot easily be distinguished from other cell types by morphological crite-Ž . ria small, roundish shape . For this reason, electrophysiological measurements on early stage cells have to be exclusively performed on spontaneously beating cells. This type of cell selection bears the risk of overlooking an early cardiomyocyte population, which does not yet contract. Moreover, as described above, the M-band and T-tubulusformation is not finalized, indicating that cardiomyogenesis only reaches a perinatal-like stage. Differentiation protocols have to be standardized in order to exclude clonal diversity. Some differences of ion channel expression and biophysical characteristics between the ES cell derived and fetal, mammalian cardiomyocytes have been Ž . also noticed see chapters above .
Conclusions and future perspectives
Taken together, the data reviewed suggest that pluripotent embryonic stem cells cultivated within EBs reproduce cardiomyocyte development from primitive precursor cells to highly specialized phenotypes of the cardiac tissue. The ES-cell derived cardiomyocyte differentiation sys-Ž . tem has the following advantages: i cardiomyocytes develop among cells of all 3 germlayers in contrast to Ž . monocultures; ii nearly two-dimensional growth allows Ž . microscopical observation during development; iii morphological and electrophysiological characterization of the Ž . same cell; iv easy access to very early stage cardiomyocytes.
Furthermore, this cell model is valuable for more detailed studies on commitment and differentiation of cardiomyocytes, on the role of growth factors, extracellular matrix components and connexins, on cardiac myogenesis, as well as on pharmacological and toxicological effects on morphology, gene expression, cardiac-specific ionic currents and action potentials. It may further provide a unique model to analyze the quantitative expression of ion channels and the corresponding structural changes during the cardiac development which may reveal new insights into Ž w x. inborn heart diseases see review, 121 . A first attempt Ž for studying the role of the extracellular matrix b1-in-. w x tegrins has been made already 58 , finding that the lack of integrins significantly influence cardiac development, in particular the expression of ion channels as well as myofibrillar proteins. The absence of integrins leads to a retarded differentiation of cardiomyocytes.
Simultaneous quantitative analysis of channel expresw x sion 122 and ultrastructure in ES cell-derived cardiomyocytes as well as temporally and spatially controlled gene expression may offer for the first time the possibility to study pathophysiological phenomena. For example, an abnormal development of ionic channels may lead to an In the future the ES-cell differentiation model may prove also helpful for the investigation of the development of other cell types. 
